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Abstract 
Exergy is stepping stone for thermos-economic analyses of complex system. In this paper, we presented an exergy-
based resources accounting framework for urban systems. The cumulated exergy consumption in transformations of 
various resources and energy are presented in details. A case study of Karachi in Pakistan was conducted, in which the 
main energy supplier is found to be natural gas, followed by coal, nuclear Power and petroleum. The fluxes of labor 
and capital were also quantified by the exergy metrics, showing that the labor force input to Karachi is twice as much 
as that of the economy in context of the whole societal system.  
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Nomenclature 
Abbreviation 
EEA   Extended Exergy Accounting 
CEC   Cumulative exergy consumption 
ER    Exergy remediation 
EW    Exergy of human labor 
EC    Exergy of equivalent  
DO   Labor output 
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1. Introduction 
Along with the rapid economic growth and urbanization, the city has been seriously affected by resource 
shortage and environmental pollution generated from the human production and consumptions of natural 
resources. Therefore it is necessary to seek for a powerful tool to identify the amount of resource shortfall 
and explore a more efficient utilization way with less environmental impacts in the urban areas. 
Exergy is defined as the maximum work can be performed by a system until it reaches an equilibrium 
state, according to second law of thermodynamics, which is  real scare resource consumed by the physical 
irreversible process [1, 2, 3]. It can be used as a unified metric for estimating the resource use efficiency 
and environmental impact [4]. So far, exergy analysis has been widely used in the fields of process 
optimizations and resource accounting, providing rational and rigorous founded thermodynamic 
quantification of the natural resource consumptions, environmental losses and degradation of ecosystems 
[5, 6].  
There are some previous case studies conducted on the national scales based on extended exergy such 
as Norway [3], the US [7], China [6, 8, 9], UK [10], etc. Generally, the concerned system diagram embraces 
independent sectors like agricultural, residential, commercial, transportation and industrial sectors. In this 
paper, the exergy value is derived from energy generation of Pakistan in 2014 with modification in the 
context of Pakistan. The total amount of input exergy into and output exergy from different sectors of 
Karachi with respect to economic growth are calculated. The labor force within the city was also 
investigated to reveal the relationship between labor force and economic growth. 
 
 
 
 
 
 
 
 
           Fig 1 Study area of Karachi in Pakistan 
2. Methodology 
The cumulative exergy consumption (CEC) represents the total exergy inflows cumulated in the 
production formation including the “raw material” exergy. Parameters which are used in this paper are 
listed in Table 1 [8, 9]. EC is the exergy equivalent of monetary flows, EW is the exergy of human labor of 
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the system, while ER stands for the remediation of the cleanup of environment. Values are shown in Table 
.2 
We calculated the values of EW and EC respectively form Eq. 1 and Eq. 2 as given below: 
EW=α x Ein ………………………… (1) 
EC=β x EW…………………………. (2) 
Where the co-efficient α and β describe the process and the relationship with the different parameters, 
whereas the Ein is the exergy influx to the total society input of energy. 
As for the calculation of α and β, Eq. 3 and Eq. 4 were used to estimate each parameter as illustrated in 
Table1: 
 
ןൌ ௙ൈ௘ೞೠೝ೐ൈಿ೓ܧ݅݊  …………………... (3)  
ߚ ൌ  ெଶ௦௑ே௪௑ௐ…………………… (4) 
Table 1 The parameters used in the calculation of α and β. 
Parameter Unit Implication 
F X esure J(person X day) Exergy consumption amplification X   
exergy consumption for survival 
Nh -- Population 
Ein J/year Exergy influx input to the society 
M2 Rupees/year Money + Quasi-money circulation 
S Rupees/year Average wage  
NW -- Number of workers 
W Work-hours/ 
(person X year) 
Average workload 
2.1. EC accounting process 
The economic capital amount that contributes to each sector is regard as the monetary input, which is 
being used for supporting the social and economic circulation of exergy in the urban system. This shows 
labor is only the output that clearly indicate the difference between various sectors within the city. 
According to the EC accounting, we select the total work performed in the city by material inputs. The 
amount of sectors and their intensities are calculated by EC within each of the seven sectors.  
2.2. EW accounting process 
The Do sector has the output of labor and the input to all the other sectors. The labor work hours are 
unified and standardized for estimating the different works of diverse population. In this paper, we collected 
the data from the study area regarding how much population is employed. Farms are integrated into 
industrial sector. Since the farmers are not full time worker, we use 0.5 as the coefficient for it [11]. As for 
the urban sector, we have chosen 2000h for annual work [10]. The number of workers and their percentage 
in different sectors were used for allocating the work hours. The data for this accounting were collected 
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from Pakistan statistical yearbook 2014, census report, united nation census report, and Pakistan energy 
statistical yearbook 2014 [12].  
3. Results 
The CEC values of different sectors in Karachi are listed in Table 2. Household sector is found to be the 
most extensive energy consumer in the city with the value of 13703017.46 J. Ec (capital) is calculated to 
be 21.01632222 J, which is much less than the Ew (labor force) input of 12250.63249 J into the city.    
Table 2 CEC values of different sectors in Karachi   (Unit: Joule) 
Sector Coal Petroleum Natural Gas Electricity Total 
Household 0 2.80516E+12 1.96135E+18 9.288E+17 2.89E+18 
Power 1.31415E+16 2.47565E+14 2.78851E+18 0 2.8E+18 
Brick kilns 9.76969E+17 0 0 0 9.77E+17 
Cement 7.38346E+17 0 0 0 7.38E+17 
Industry 0 3.84767E+13 2.86975E+17 5.688E+17 8.56E+17 
Agriculture 0 1.50725E+12 6.33034E+14 2.376E+17 2.38E+17 
Transport 0 2.76287E+14 1.76089E+18 0 1.76E+18 
Power 1.31415E+16 2.47565E+14 2.78851E+18 0 2.8E+18 
Other Government 0 1.11788E+13 2.3591E+18 1.26E+17 2.49E+18 
Commercial 0 0 0 1.512E+17 1.51E+17 
Street lights 0 0 0 1.1556E+18 1.16E+18 
Fig 2 Extended Exergy of Karachi in Pakistan 
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4. Conclusion 
The processes of urban metabolism have mostly been investigated by the economic and social aspects. 
In this paper, these processes are quantified with exergy metric, which enlightens the urban energy 
consumption of different sectors in Karachi.  
From the results of EC and EW accounting, of which labor exergy is around twice as much as the total 
economic capital exergy in Karachi, it can been seen that the economic capital has lower contribution than 
the total labor output of the whole city. Thus, we conclude that there is still enough room for efficiency 
improvement in the urban energy sector, which can be done via the increase of the labor production and 
decrease of net input of resources.   
Extended exergy accounting is capable of unify all the energy and material flows during the urban 
metabolic process within the city and between the supporting areas. Cumulated exergy consumption, labor, 
capital and environmental impact are incorporated into the same framework to assess the real resource 
consumption and diagnose the conversion process efficiency of the city. Thus, the accounting results may 
be helpful in optimizing urban energy planning and management for a sustainable urban development. 
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